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FOREWORD

THE REGIONAL AQUIFER-SYSTEM ANALYSIS PROGRAM

The Regional Aquifer-System Analysis (RASA) Program was started in
1978 following a congressional mandate to develop quantitative appraisals of
the major ground-water systems of the United States. The RASA Program
represents a systematic effort to study a number of the Nation’s most
important aquifer systems, which in aggregate underlie much of the country
and which represent an important component of the Nation’s total water
supply. In general, the boundaries of these studies are identified by the
hydrologic extent of each system and accordingly transcend the political
subdivisions to which investigations have often arbitrarily been limited in the
past. The broad objective for each study is to assemble geologic, hydrologic,
and geochemical information, to analyze and develop an understanding of the
system, and to develop predictive capabilities that will contribute to the
effective management of the system. The use of computer simulation is an
important element of the RASA studies, both to develop an understanding of
the natural, undisturbed hydrologic system and the changes brought about in
it by human activities, and to provide a means of predicting the regional
effects of future pumping or other stresses.

The final interpretive results of the RASA Program are presented in a series
of U.S. Geological Survey Professional Papers that describe the geology,
hydrology, and geochemistry of each regional aquifer system. Each study
within the RASA Program is assigned a single Professional Paper number,
and where the volume of interpretive material warrants, separate topical
chapters that consider the principal elements of the investigation may be
published. The series of RASA interpretive reports begins with Professional
Paper 1400 and thereafter will continue in numerical sequence as the interpre-
tive products of subsequent studies become available.

Dallas L. Peck
Director
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CONVERSION FACTORS AND ABBREVIATIONS

For the convenience of readers who may prefer to use metric (International System) units, rather than the inch-pound terms used in this
report, values may be converted by using the following factors:

Multiply inch-pound unit By To obtain metric unit

inch (in) 25.4 millimeter (mm)
foot (ft) 0.3048 meter (m)
foot per day (ft/d) 0.3048 meter per day (m/d)
foot per foot (ft/ft) 0.3048 meter per meter (m/m)
foot squared per day (ft%/d) 0.09290 meter squared per day (m%/d)
mile (mi) 1.609 kilometer (km)
mile per foot (mi/ft) 5.279 kilometer per meter (km/m)
gallon (gal) 3.785 liter (L)

0.003785 cubic meter (m®)
gallon per minute (gal/min) 0.00006309 cubic meter per second (m?%s)
million gallons (Mgal) 3,785 cubic meter (m?)
billion gallons per year (Ggal/yr) 3,785,000 cubic meter per year (m*/yr)
pound per square inch (Ib/in?) 6.895 kilopascal (kPa)
pound per square inch per foot 22.6214 kilopascal per meter (kPa/m)

[(b/in®)/ft]

A Dbarrel (bbl) contains 42.0 U.S. gallons (gal).
Tritium concentrations in picocuries per liter (pCi/L) can be converted to tritium units (TU) as follows (based on half life of 12.43 years):

TU = pCi/LL x 0.313

Temperature in degrees Fahrenheit ( °F) and temperature in degrees Celsius ( °C) are as follows:

°F=1.8x°C +32
°C=5/9x(°F—-32)

Sea level: In this report “sea level” refers to the National Geodetic Vertical Datum of 1929 (NGVD of 1929)—a geodetic datum derived from
a general adjustment of the first-order level nets of both the United States and Canada, formerly called “Mean Sea Level of 1929.”






REGIONAL AQUIFER-SYSTEM ANALYSIS—FLORIDAN AQUIFER SYSTEM

HYDROGEOLOGY, GROUND-WATER MOVEMENT, AND SUBSURFACE
STORAGE IN THE FLORIDAN AQUIFER SYSTEM IN
SOUTHERN FLORIDA

By FREDERICK W. MEYER

ABSTRACT

The Floridan aquifer system of southern Florida is composed chiefly
of carbonate rocks that range in age from early Miocene to Paleocene.
The top of the aquifer system in southern Florida generally is at depths
ranging from 500 to 1,000 feet, and the average thickness is about 3,000
feet. It is divided into three general hydrogeologic units: (1) the Upper
Floridan aquifer, (2) the middle confining unit, and (3) the Lower
Floridan aquifer. The Upper Floridan aquifer contains brackish ground
water, and the Lower Floridan aquifer contains salty ground water
that compares chemically to modern seawater. Zones of high perme-
ability are present in the Upper and Lower Floridan aquifers. A thick,
cavernous dolostone in the Lower Floridan aquifer, called the Boulder
Zone, is one of the most permeable carbonate units in the world
(transmissivity of about 2.5 X107 feet squared per day). Ground-water
movement in the Upper Floridan aquifer is generally southward from
the area of highest head in central Florida, eastward to the Straits of
Florida, and westward to the Gulf of Mexico.

Distributions of natural isotopes of carbon and uranium generally
confirm hydraulic gradients in the Lower Floridan aquifer. Ground-
water movement in the Lower Floridan aquifer is inland from the
Straits of Florida. The concentration gradients of the carbon and
uranium isotopes indicate that the source of cold saltwater in the Lower
Floridan aquifer is seawater that has entered through the karst
features on the submarine Miami Terrace near Fort Lauderdale. The
relative ages of the saltwater suggest that the rate of inland movement
is related in part to rising sea level during the Holocene transgression.
Isotope, temperature, and salinity anomalies in waters from the Upper
Floridan aquifer of southern Florida suggest upwelling of saltwater
from the Lower Floridan aquifer. The results of the study support the
hypothesis of circulating relatively modern seawater and cast doubt on
the theory that the saltwater in the Floridan aquifer system probably
is connate or unflushed seawater from high stands of sea level.

The principal use of the Floridan aquifer system in southern Florida
is for subsurface storage of liquid waste. The Boulder Zone of the
Lower Floridan aquifer is extensively used as a receptacle for injected
treated municipal wastewater, oil field brine, and, to a lesser extent,

Manuscript approved for publication May 6, 1987.

industrial wastewater. Pilot studies indicate a potential for cyclic
storage of freshwater in the Upper Floridan aquifer in southern
Florida.

INTRODUCTION

In October 1978, the U.S. Geological Survey began a
4-year (yr) study of the Floridan aquifer system (for-
merly called the Tertiary limestone aquifer) of the South-
eastern United States, as part of a national ground-water
resources investigative program called Regional
Aquifer-System Analysis (RASA). The objectives of the
Florida RASA project were to describe the hydrogeol-
ogy, geochemistry, and flow of ground water in the
aquifer system (Johnston, 1978). Variations in water
quality, hydraulic head, and water temperature within
the carbonate rocks that make up the Floridan aquifer
system in southern Florida suggest that the flow system
is complex. Movement of fresh and brackish ground
water through the upper part of the Floridan aquifer
system has been documented chiefly on the basis of
measured head and hydraulic gradients. Movement of
saltwater in the lower part, however, has been the
subject of speculation because definitive head data are
lacking.

Kohout (1965) and Kohout and others (1977) hypothe-
sized inland flow of seawater through the lower part of
the Floridan aquifer system on the basis of a tempera-
ture anomaly (reversed geothermal gradient) in several
deep wells in southern Florida. The driving force,
Kohout concluded, was geothermal heat which produced
a convection flow cell wherein cold seawater was heated
as it flowed inland through the lower part, called the
Boulder Zone, then moved upward through vertical
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FIGURE 1.—Idealized hydrogeologic cross section through peninsular Florida showing concept of cyclic flow of seawater
induced by geothermal heating (proposed by Kohout, 1965). (Location of site 11 shown in fig. 2.)

paths (such as ancient sinkholes) in the overlying confin-
ing units and mixed with the seaward-flowing freshwater
in the upper part (fig. 1). Opposing views were expressed
by Vernon (1970), who suggested that the temperature
anomaly was due only to heat conduction, and Sproul
(1977), who concluded that existing data were insuffi-
cient to support either hypothesis.

A major part of the RASA investigation in southern
Florida involved drilling a test well, G-2296, also
referred to as the Alligator Alley test well (fig. 2, site
10). About 44 miles (mi) west of Fort Lauderdale, the
well was drilled to a depth of 2,811 feet (ft) during
1980-81 to obtain hydrogeologic and hydrochemical data,
including selected isotopic analyses, within the Floridan
aquifer system. Data from the Alligator Alley test well
indicated that carbon-14 might be useful in determining
the direction and rate of ground-water movement in the
lower saltwater part of the aquifer system—information
that would be useful in assessing the long-term effects of
deep-well injection. Earlier studies by Osmond and oth-
ers (1968) suggested that uranium isotopes also could be
used to assess ground-water movement. Supplementary

data were obtained from deep wells that were drilled by
local utilities at Fort Lauderdale, Miami, and Stuart for
injection of treated wastewater into the Boulder Zone—a
cavernous, highly transmissive dolostone that underlies
southeastern Florida at a depth of about 3,000 ft.

Injection of liquid wastes into the saline water of the
Boulder Zone as a pollution-control measure was started
in 1943 with the injection of brine at an oil field a few
miles west of Naples. Subsequently, the practice
expanded rapidly, and numerous high-capacity, munici-
pally operated, wastewater injection wells are now in use
along the southeastern coast of Florida (Vernon, 1970;
Vecchioli and others, 1979; Meyer, 1984). Determination
of the direction of ground-water movement in the lower
part of the Floridan aquifer system was, therefore, a
very necessary and important part of the RASA project
in southern Florida.

This report is one of nine chapters in U.S. Geological
Survey Professional Paper 1403 that describe various
aspects of the geology, hydrology, and geochemistry of
the Floridan aquifer system. Those chapters most
related to this report (chapter G) include the summary
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HYDROGEOLOGY OF SOUTHERN FLORIDA

Southern Florida is underlain by rocks of Cenozoic age
to a depth of about 5,000 ft. These rocks are principally
carbonates (limestone and dolostone), with minor
amounts of evaporites (gypsum and anhydrite) in the
lower part and clastics (sand and clay) in the upper part.
The movement of ground water from inland areas to the
ocean and vice versa occurs principally through the
carbonate rocks.

FLORIDAN AQUIFER SYSTEM

Evaporite deposits in the Cedar Keys Formation of
Paleocene age probably constitute the lower confining
unit, or base of the active flow system (fig. 3). Overlying
the evaporites, in ascending order, are limestone and
dolostones of the Cedar Keys, Oldsmar, and Avon Park
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Formations and the Ocala and Suwannee Limestones
that make up the Floridan aquifer system, part of which
was once called the Floridan aquifer (Parker and others,
1955) and all of which was once called the Tertiary
limestone aquifer system (Johnston and others, 1980). In
southwest Florida, the lower part of the Tampa Lime-
stone is also included in the Floridan aquifer system.

The Floridan aquifer system is defined in chapter B of
this Professional Paper (Miller, 1986) as a vertically
continuous sequence of permeable carbonate rocks of
Tertiary age that are hydraulically connected in varying
degrees, and whose permeability is generally several
orders of magnitude greater than that of the rocks that
bound the system above and below. In Florida, the
Floridan aquifer system includes rocks ranging from
Paleocene to early Miocene age, and locally in southeast
Georgia, it includes rocks of Late Cretaceous age. Chap-
ter B presents a detailed geologic description of the
Floridan aquifer system, its component aquifers and
confining units, and their relation to stratigraphic units.
Previous definitions of the term “Floridan” and super-
seded terms are also discussed in chapter B (Miller,
1986).

Overlying the Floridan are alternating beds of sand,
clay, marl, and limestone in the Tampa Limestone and
Hawthorn Formation (both of Miocene age) that contain
intermediate artesian aquifers and make up the upper
confining unit for the Floridan aquifer system. In south-
eastern Florida, clay in the Tamiami Formation of
Pliocene age is included in the upper confining unit.
Overlying these deposits are limestones and sands of the
Tamiami Formation and of undifferentiated Pleistocene
deposits that make up the surficial aquifer and contain
unconfined ground water.

Ground water in the Floridan aquifer system in south-
ern Florida is generally too saline for most uses. The
Lower Floridan aquifer contains ground water that is
similar in composition to seawater and is chiefly used as
a receptacle for injected liquid wastes; the Upper Flori-
dan aquifer contains brackish water and is chiefly used as
a source of limited industrial amd agricultural supply and
for feedwater to desalting plants. Pilot studies indicate
that the upper part of the F'loridan aquifer system in
southern Florida can be used for seasonal storage of
surplus freshwater (Merritt and others, 1983). Lime-
stone aquifers in Miocene deposits, as parts of the upper
confining unit, are important local sources of ground
water for supply in parts of southwestern Florida. How-
ever, the surficial aquifer generally is the major source of
potable water in southern Florida. In southeastern Flor-
ida, the surficial aquifer is called the Biscayne aquifer
(Parker and others, 1955; Schroeder and others, 1958),
and in southwestern Florida, it is called the “shallow
aquifer” (McCoy, 1962). The hydrogeology of southern
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of section shown in fig. 2.)

Florida, as described here, is based largely on data
collected from an exploratory test well (Alligator Alley
test well; fig. 2, site 10) that was drilled near the center
of the Everglades and from test wells that were drilled in
Collier County by the South Florida Water Management
District.

In southeastern Florida, the Floridan aquifer system
includes (from shallowest to deepest) all or part of the
juwannee Limestone of Oligocene age, the Ocala Lime-
stone of late Eocene age, the Avon Park Formation of
middle Eocene age, the Oldsmar Formation of early
Eocene age, and the upper part of the Cedar Keys
Formation of Paleocene age (fig. 3). In southwestern

Florida, it locally includes the lower part of the Tampa
Limestone of early Miocene age.

Some investigators place the top of the Floridan
aquifer system in the lower part of the Hawthorn For-
mation of middle Miocene age wherever it contains
permeable limestone hydraulically connected to deeper
layers (Parker and others, 1955; Stringfield, 1966).
Using regional criteria based largely on lithologic
changes in the rocks, Miller (1986) placed the top of the
Floridan aquifer system at or near the top of the Suwan-
nee Limestone in southwestern Florida and at or near
the base of the Suwannee Limestone in southeastern
Florida. The top of the Floridan aquifer system, as used
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in this report, ranges from about 500 to 1,000 ft in depth.
The base of the Floridan aquifer system (the lowest
confining unit) generally coincides with the top of evapor-
ite beds in the Cedar Keys Formation (Miller, 1986), and
it ranges from about 3,500 to 4,100 ft in depth.

The rocks that make up the Floridan aquifer system
vary greatly in permeability so that the system resem-
bles a “layer cake” composed of many alternating zones
of low and high permeability. Crossflow (vertical flow)
between permeable zones probably occurs through sink-
holes and fractures. However, the amount of crossflow is
probably small compared with the amount of horizontal
flow. The zones of highest permeability generally are at
or near unconformities and are generally parallel to
bedding planes.

The temperature of ground water in the Floridan
aquifer system in areas near the southeastern coast
generally decreases with increasing depth; however,
anomalies frequently occur, probably owing to local
upwelling through fractures and sinkholes (a phenome-
non that is discussed later in the report). Ground-water
temperatures are generally coolest along the southeast
coast, where the temperature of seawater in the adjacent
Straits of Florida is the lowest. Ground-water salinity is
generally highest in coastal parts of southern Florida and
in the lower part of the aquifer system owing to inland
circulation of seawater.

In southern Florida, the Floridan aquifer system can
generally be divided—largely on the basis of the geology,
hydrochemistry, and hydraulics interpreted from data
obtained at the Alligator Alley test well (fig. 2, site
10)—into three hydrogeologic units, as follows:

1. The Upper Floridan aquifer, which contains brack-
ish ground water. The specific conductance of the ground
water ranges from about 2,500 to 25,000 microsiemens
per centimeter (uS/em) at 78 °F (25 °C) and averages
about 5,000 wS/cm.

2. The middle confining unit, which contains salty
ground water. The specific conductance of the ground
water ranges from about 35,000 to 37,000 wS/cm and
averages about 36,000 w.S/cm.

3. The Lower Floridan aquifer, which contains ground
water that is similar in composition to seawater. The
specific conductance of the ground water ranges from
about 43,000 to 50,000 wS/cm and averages 49,000
wS/em.

UPPER FLORIDAN AQUIFER

The Upper Floridan aquifer in southern Florida chiefly
consists of permeable zones in the Tampa, Suwannee,
and Ocala Limestones and in the upper part of the Avon
Park Formation. On the basis of aquifer tests and a
regional flow model, the transmissivity is estimated to

range from 10,000 to 60,000 feet squared per day (ft%/d)
(Bush and Johnston, in press). The contained ground
water is brackish. The salinity of the ground water
generally increases with increasing depth and with dis-
tance downgradient and southward from central Florida.
Ground-water temperatures also generally increase
downgradient and southward from the recharge area in
central Florida. However, temperatures along the south-
eastern coast are lowest (about 70.0 °F) owing to heat
transfer to the Atlantic Ocean (Straits of Florida)
(Sproul, 1977, p. 75) and (or) to heat transfer to cooler
saltwater in the Lower Floridan aquifer (Kohout, 1965).
Temperature and salinity anomalies that are related to
upwelling ground water from the Lower Floridan aquifer
are discussed later in this report.

Water movement is chiefly lateral through highly
permeable zones of dissolution at or near the top of each
formation. Ground-water movement in May 1980 was
generally southward from the area of highest head near
Polk City in central Florida to the Gulf of Mexico and to
the Atlantic Ocean (fig. 4). The area of highest freshwa-
ter head is herein referred to as the “Polk City high.”
Prior to development (late 1800’s or early 1900’s), the
head in south Florida probably was 5 to 10 ft higher than
at present. As water use increased and wells were drilled
in the area north of Lake Okeechobee, water levels were
lowered and a saddle formed in the potentiometric sur-
face, as shown by the close spacing of the 40- to 70-ft
contours toward the center of the peninsula. Hydraulic
gradients in southern Florida were reduced, resulting in
a decrease of natural discharge by submarine springs
along the southeastern coast and the movement of sea-
water inland to a new position of equilibrium.

The concave shape of the contours on the 1980 poten-
tiometric surface map along the southeastern coast indi-
cates convergence of flow toward the submerged karst
on the Miami Terrace between Fort Lauderdale and
Miami. Ground-water discharge in this area is also
suggested by computer flow modeling as described by
Bush and Johnston (in press). The rugged topography of
the submarine terrace was formed by the collapse of
solution features (sinkholes) in the underlying limestone.
A seismic reflection profile (fig. 5) across the Miami
Terrace shows the pinnacles and troughs associated with
the submerged karst and the northward-prograding sed-
iments of Miocene through Pleistocene age unconform-
ably overlying the Suwannee Limestone. Currents and
perhaps upwelling freshwater from submarine springs
are probably responsible for the lack of sediment on the
terrace and terrace slope. Malloy and Hurley (1970)
reported that rock samples from dredge hauls on the
Miami Terrace by the University of Miami’s Institute of
Marine Science (now the Rosenstiel School of Marine and
Atmospheric Sciences) indicated that the ocean floor is
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composed of fossiliferous phosphatic limestone that con-
tains numerous foraminifers, chiefly Miogypsina sp.,
Globigerina sp., miliolids, and rotalids. Rock samples
from equivalent depths in artesian wells at Miami and
Fort Lauderdale contain the same fossil assemblages and
are identified as the Suwannee Limestone of Oligocene
age.

Sinkholes on the Miami Terrace are both filled and
unfilled. Those that are unfilled probably are active
submadrine springs. The large filled sinkhole in the center
of the seismic profile (fig. 5) is about 2 mi wide and may
be related to the collapse in the highly cavernous dolo-
stone (the Boulder Zone) in the lower part of the Oldsmar
Formation. The Boulder Zone is discussed by Miller
(1986, p. B65-B66). Sinkholes generally are present
throughout Florida and are prominent in central Florida
as chains of sinkhole lakes. The sinkholes are chiefly in
Tertiary limestones along joints or fractures that trend
generally northwestward to southeastward (and to a
lesser extent southwestward to northeastward). Sink-
holes in southern Florida are virtually obscured because
they are filled by deposits that are Miocene or younger in

age. Their presence, however, is often indicated by
drilling and by local salinity or temperature anomalies.

MIDDLE CONFINING UNIT

The middle confining unit of the Floridan aquifer
system consists chiefly of the lower part of the Avon
Park Formation but locally includes the upper part of the
Oldsmar Formation. The unit has relatively low perme-
ability, and it generally separates the Upper Floridan
aquifer, containing brackish ground water, from the
Lower Floridan aquifer, containing ground water that
compares closely to seawater. Hydraulic connection
between the upper and lower aquifer is inferred from
sinkholes and fractures that transect the middle confin-
ing unit. Ground-water movement in southern Florida is
estimated to be chiefly upward from the Lower Floridan
aquifer through the middle confining unit, then horizon-
tally toward the ocean through the Upper Floridan
aquifer. Salinity varies greatly at the top of the middle
confining unit as the upward-moving saltwater is blended
with the seaward-flowing freshwater in the Upper Flo-
ridan aquifer. As previously stated, temperature and
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salinity anomalies in the Upper Floridan aquifer are
evidence of upwelling saltwater from the lower part of
the aquifer system.

LOWER FLORIDAN AQUIFER

The Lower Floridan aquifer consists chiefly of the
Oldsmar Formation and, to a lesser degree, the upper
part of the Cedar Keys Formation. Ground water in the
Lower Floridan aquifer compares chemically to modern
seawater. In the Lower Floridan aquifer are three
permeable dolostones of the Oldsmar Formation that are
separated by less permeable limestones. The transmis-
sivity of the lower dolostone (locally called the Boulder
Zone; Miller, 1986, p. B65—B66) ranges from about
3.2x10° ft%/d (Meyer, 1974) to 24.6x10° ft*/d (Singh and
others, 1983), whereas that for the overlying dolostones
is probably an order of magnitude less. In southeastern
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Florida, hydraulic connection between the lower and
intermediate dolostones is inferred from pumping tests
and from the presence of sinkholes and fractures; how-
ever, hydraulic connection between the intermediate and
upper dolostones apparently is poor, and locally the
upper dolostone may be more closely related to the
middle confining unit than to the Lower Floridan aquifer.
In southwestern Florida, drilling data suggest that the
dolostones are hydraulically connected, although head
data and aquifer tests to confirm this interpretation are
lacking.

A pronounced temperature anomaly is present in the
Lower Floridan aquifer, with the lowest measured tem-
perature (50.5 °F) in a deep disposal well (G-2334) at
Fort Lauderdale (fig. 6). Temperatures increase gener-
ally from the Straits of Florida inland toward the center
of the Floridan Plateau (table 1, fig. 7), and, as previ-
ously mentioned, Kohout (1965) hypothesized circulation
of cold seawater inland from the Straits of Florida
through the lower part of the Floridan aquifer system
driven by geothermal heat flow (fig. 1).

Attempts to calculate hydraulic gradients in the Lower
Floridan aquifer to verify the direction of ground-water
movement have, thus far, been unsuccessful owing to a
lack of reliable head data and to transitory effects of tides
(ocean, Earth, and atmospheric). However, recent mea-
surements of head and carbon-14 activity, which are
discussed in subsequent sections, in the waters of the
Boulder Zone at site 9 (fig. 2) in well G-2334 and at site
10 (fig. 2) in well G-2296 substantiate the Kohout hypoth-
esis.

HYDROGEOLOGY AT THE ALLIGATOR ALLEY
TEST WELL SITE

A 2,811-ft-deep test well (Well G-2296) was drilled in
1980 during this RASA study in the Everglades of
southern Florida along Alligator Alley (Interstate 75) at
a point between Naples and Fort Lauderdale (fig. 2, site
10). A steel casing 16-inches (in) in diameter was
installed with cement grout from land surface to a depth
of 895 ft, below which a nominal 8-in-diameter hole was
drilled to a depth of 2,811 ft (fig. 8). A 2-in-diameter steel
monitor tube with perforations from 811 to 816 ft was
grouted with cement in the outer annulus. Hydraulic
packers were used to isolate selected zones in the well to
collect samples of ground water and measure water
levels.

The well penetrated the surficial and intermediate
aquifer systems and extended into the Floridan aquifer
system (fig. 9). The surficial aquifer system is about 180
ft thick and is composed chiefly of sandy limestone of the
Tamiami Formation of Pliocene age. Three artesian
limestone aquifers and related confining beds are present
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in the intermediate aquifer system between 180 and 770
ft in Miocene deposits. The top of the Floridan aquifer
system is at 770 ft. The Floridan is confined by the
overlying Miocene deposits. About 67 percent of the total
thickness of the Floridan aquifer system was penetrated
by the well. The formations that make up the Floridan
aquifer system (from shallowest to deepest) at the well
site include the Suwannee and Ocala Limestones and the
Avon Park and Oldsmar Formations. The Floridan aqui-
fer system is composed of several water-bearing zones
and associated confining units. The well did not pene-
trate the Cedar Keys Formation, which contains the
lower confining unit of the aquifer system.

SURFICIAL AQUIFER SYSTEM

The surficial aquifer system is about 180 ft thick; the
upper 60 ft is composed of unconsolidated shelly, quartz
sand of Pleistocene age, and the lower 120 ft is composed
of sandy, shelly limestone of the Tamiami Formation of
Pliocene age. Phosphate containing uranium, which
emits high rates of natural gamma rays, marks the top
and bottom of the Tamiami Formation (fig. 8). The sand
is chiefly fine grained and yields only small quantities of
water with high organic content to wells. The sand
partially confines ground water in the underlying lime-
stone. The limestone in the Tamiami Formation is rela-
tively permeable (fig. 9, water-bearing zone 1) and is
capable of yielding large quantities of potable freshwa-
ter. In 1982, a sample of ground water from a zone
between 50 and 150 ft in depth in a shallow test well
(G-2329) near the Alligator Alley test well had a chloride
concentration of 120 milligrams per liter (mg/L) and a
specific conductance of about 1,000 uS/cm (J.E. Fish,
U.S. Geological Survey, oral commun., 1983).

INTERMEDIATE AQUIFER SYSTEM

The intermediate aquifer system is about 590 ft thick
and is composed of three confined limestones (fig. 9,
water-bearing zones 1 through 3) of Miocene age. Water-
bearing zone 1, the upper intermediate aquifer, ranges in
depth from about 220 to 360 ft and is composed of thinly
bedded, gray, shelly limestone and interbedded sand and
clay in the upper part of the Hawthorn Formation of
middle Miocene age. The hydraulic and water-quality
characteristics were not determined from the test well,
but the rock type suggests that small quantities of
brackish water (less than 1,000 gallons per minute;
gal/min) can be obtained by wells that tap the entire
thickness. Water-quality data are not locally available,
but potable water is known to be present in equivalent
rocks in parts of Charlotte and Lee Counties on the Gulf
Coast, west of Lake Okeechobee. Zone 1 is confined
above by a thick and extensive bed of silty, green clay of

G11

TAaBLE 1.—Temperatures of salty ground water in selected wells that
tap the Boulder Zone of the Lower Floridan aquifer

WWTP, wastewater-treatment plant. Site locations shown in fig. 2]

Site Temperature
No. County Owner °F
1 Charlotte Humble-Lowndes-Treadwell No. 1 96.0
2 Charlotte Gulf-Stevens No. 1 100.0
3 Palm Beach Quaker Oats injection well 4 79.3
4 Indian River Hercules injection well 1 89.6
5 St. Lucie South Port WWTP injection well 1 72.1
6 Martin Stuart WWTP injection well 1 70.6
7 Palm Beach West Palm Beach WWTP injection well 2 60.8
8 Broward Margate monitor well 59.0
9 Broward Fort Lauderdale Port Everglades WWTP 50.5
injection well 1.
10 Broward Alligator Alley test well 76.1
11 Dade Gulf-State Lease 340 No. 1 74.0
12 Dade Kendale Lakes WWTP injection well 1 61.3
13 Dade Sunset Park WWIP injection well 1 60.5
14 Dade Miami-Dade Water and Sewer Authority 60.6
South District WWTP injection well 1.
15 Lee California-Coastal 224B-1 108.8
16 Collier Sun-Collier No. 1 97.0
Site Depth
No. (feet) Remarks
1 1,641 Slightly above Boulder Zone. Local well CH-57. Kohout and

others (1977, p. 21).

2 3,245 Temperature log appears to be on cool side. Kohout and others
(1977, p. 18).

3 2,79 Temperature log shows 79.3°F from 2,794 to 3,208 feet. Local
well PB-1142,

4 2,735 Packer test 2,735 to 3,015 feet. Pumped sample. Source, CH,HM
Hill, Ine.

5 3,180 Temperature log shows 72.0°F from 3,180 to 3,424 feer.
Source, CH M Hill, Inc. Local well STL-254,

[ 3,290 Temperature gog shows coolest from 3,140 to 3,290 feet.
Source, CH M Hill, Inc. Local well M-1034.

? 3,250 Pumped samplé. Open hole 3,025 to 3,680 feet. Llocal well
G-2292.

8 3,070 Pumped sample. Open hole 2,457 to 3,301 feet. Llocal well
G-2292.

9 2,920 Temperature log. Cold seawater 2,920 to 3,430 feet. local
well G-2332. Source, Geraghty and Miller, Inc.

10 2,811 Temperature log. Bottom of hole at 2,811 feet. Local well
G-2296.

n 3,100 Temperature log. Kohout and others (1977, p. 20). Llocal well
G-3236.

12 3,000 Temperatura log. Source, Florids Bureau of Geology. Zone
3,000 to 3,160 feet. Local well I-2.

13 2,944 Temperature log. Source, Florida Bureau of Geology. local
well I-1.

14 2,975 Temperature log. Source, CH M Hill, Inc. Zone 2,975 to
3,130 faet. Local well MDSWI-1,

15 2,800 Temperature log. Kohout and others (1977, p. 20).

16 3,000 Temperature log. Kohout and others (1977, p. 20). Llocal well

G-415.

late Miocene age and below by a thick and extensive bed
of green, micaceous clay of middle Miocene age.
Water-bearing zone 2 ranges in depth from about 460
to 530 ft at the test well site and is composed chiefly of
sandy, shelly limestone in the lower part of the Haw-
thorn Formation of middle Miocene age. The hydraulic
and water-quality characteristics of zone 2 were not
determined from the test well, but the rock type is
comparable to an aquifer in north-central Collier County
(McCoy, 1962, p. 18) that in 1959 produced artesian
water having a chloride concentration of 985 mg/L and a
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FIGURE 7.—Temperature of saltwater in the Boulder Zone of the Lower Floridan aquifer, south Floridan Plateau.

head about 31 ft above sea level. Zone 2 is confined above
by the previously described clay and below by a rela-
tively thin (about 10- to 20-ft-thick) bed of calcareous
clay. The lower confining bed probably is not areally
extensive and offers only local confinement.
Water-bearing zone 3 ranges in depth from about 540
to 600 ft and is composed of slightly sandy, shelly
limestone of the Tampa Limestone of early Miocene age.
The hydraulic and water-quality characteristics of zone 3
were not determined from the test well, but the rock
type suggests that they are similar to those of the
overlying aquifer (zone 2). Zone 3 is confined above by a
thin, calcareous clay at the base of zone 2 and below by
calcareous clay of early Miocene age. The lower bed of
clay is the principal confining unit above the Floridan

aquifer system and is characterized on the natural
gamma-ray log by high rates of gamma-ray emissions
from uraniferous phosphate.

FLORIDAN AQUIFER SYSTEM

The Alligator Alley test well penetrated about 67
percent of the estimated thickness of the Floridan aqui-
fer system in southern Florida. The top of the Floridan
aquifer system in this test well is considered to coincide
with the top of the Suwannee Limestone of Oligocene age
at 770 ft (fig. 9), on the basis of hydraulic head and water
chemistry data. Miller (1986), in describing the regional
hydrogeologic framework of the Floridan, placed the top
of the Floridan at about 950 ft at this test well on the
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FIGURE 9. —Hydrostratigraphy, distribution of flow, and selected geophysical logs for the Alligator Alley test well (well G-2296 at site 10, fig. 2).

basis of apparent porosity changes within the Suwannee
Limestone. This discrepancy of placing the top of the
Floridan aquifer system at two different depths at this
test well site is due to the difference in the criteria
defined for the regional framework and for the area
studies; more refinements are needed for area studies
than for a regional study. The test well was terminated
at 2,811 ft in the Oldsmar Formation of early Eocene age.
According to Miller (1986), the base of the Floridan
aquifer system (or top of the lower confining unit) is at
about 3,800 ft in depth in the Cedar Keys Formation of

Paleocene age (fig. 3). The formations that compose the
system in the test well are (from shallowest to deepest)
the Suwannee Limestone of late Oligocene age and the
Ocala Limestone, Avon Park Formation, and Oldsmar
Formation of Eocene age.

Discrete water-bearing zones in the Floridan aquifer
system are recognized in the test well by changes in
permeability, pressure, water quality, and temperature.
The zones are chiefly related to dissolution of the lime-
stone, and they are generally located at or near uncon-
formities. Permeability contrasts within the aquifer sys-
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tem suggest that locally, and perhaps regionally, some of
the major water-bearing zones act as distinct aquifers
(fig. 9, zones 3 and 13).

Although the 16-in casing penetrated most of the
Suwannee Limestone, a 2-in monitor tube with perfora-
tions from 811 to 816 ft provided data from the part of the
aquifer that was cased off. The test well flows at about
1,000 gal/min from the interval between 895 and 2,811 ft
and produces a blend of saline water (25,500 pS/ecm) that
compares to a 50-percent mixture of freshwater with
seawater. Most of the water is produced from two major
water-bearing zones. A reverse geothermal gradient is
indicated, and the coolest water temperature (76.1 °F) is
at the bottom of the well (fig. 9).

Fluid resistance and temperature logs show the cumu-
lative effects of inflow from the water-bearing zones in
the borehole (fig. 9). Superimposed on the fluid resist-
ance logs is a scale showing the approximate conduct-
ance. The fluid resistance and temperature logs of July
16, 1983, were obtained after the well had flowed suffi-
ciently for the water chemistry to stabilize. Both logs
indicate several water-bearing zones, but, as previously
mentioned, two are the most significant—a zone at about
1,030 ft which contributes a significant amount of warm
(79.2 °F) brackish water and a zone at about 2,560 ft
which contributes cooler (77.1 °F) saltwater whose spe-
cific conductance is comparable to that of modern seawa-
ter. According to the fluid resistance log, the cumulative
conductance of all water-bearing zones was about 26,000
pwS/em, which is similar to the average specific conduct-
ance of 14 samples.

All temperature logs that were collected during the
drilling and testing showed a reverse geothermal gradi-
ent that is related to the cooler saltwater in an underly-
ing water-bearing zone called the Boulder Zone. The
coldest temperature is at the bottom of the well, and the
flow becomes progressively warmer uphole by contribu-
tions of warm water from shallower water-bearing
zones. The cumulative effect of inflowing ground water
uphole produces a blend that has a temperature of about
78.8 °F.

The temperature and fluid resistance logs (fig. 9) show
that between 2,560 and 2,811 ft the temperature
decreased from about 78.3 °F to 76.7 °F and that,
concomitantly, there was an increase in resistivity. The
temperature decrease is probably related to a very slight
upward flow of cool saltwater from the lowermost water-
bearing zone (the Boulder Zone) that probably occurs at
about 2,900 ft (Meyer, 1974, 1984) or to heat loss to the
cooler underlying zone.

Water-bearing zones of the Floridan aquifer system in
the test well were identified primarily from flowmeter,
fluid resistance, and fluid temperature logs. The percent-
age of the total flow (the discharge measured at land
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surface) was calculated at about 50-ft intervals from
point velocities on the flowmeter log and from the hole
diameter as derived from the caliper log. The flowmeter-
caliper calculations were supplemented by calculations
based on the contributions (blending) of inflowing water
from the water-bearing zones. The fluid resistance log of
July 16, 1983 (fig. 9) and miscellaneous specific conduct-
ance measurements of water samples obtained during
the packer tests and by a thief sampler were used to
identify and evaluate the quantity and quality of water
from each zone. Acoustic televiewer photos and borehole
television surveys were also used to identify the sources.
The water-bearing zones in the Floridan aquifer system
as indicated in the borehole are numerous, but 14 were
identified and evaluated (table 2).

Zones 3 and 13 contributed 66 percent of the total
borehole flow. Zone 3 was the principal contributor (34
percent) of brackish ground water (specific conductance
of about 3,300 wS/em) from the Upper Floridan aquifer,
and zone 13 was the principal contributor (32 percent) of
salty ground water (specific conductance of 50,000
wS/em) from the Lower Floridan aquifer. The remaining
34 percent of the total flow was contributed by many less
permeable zones within the remaining 12 zones. Zones 2
through 9, the interval from 920 to 1,645 ft, collectively
contributed about 50 percent of the flow, with composite
specific conductance at about 5,000 wS/cm. Zones 10
through 14, the interval from 1,645 to 2,811 ft, collec-
tively contributed the other 50 percent of the flow, with
composite specific conductance of 45,500 wS/em. Zones
that contributed little or no water to the well (that is,
those that contributed 1 percent or less) probably con-
stitute the confining units within the individual aquifer
systems. Zones 1 through 9, which collectively contrib-
uted about 50 percent of the flow, are identified as the
Upper Floridan aquifer. Zones 10 and 11, which contrib-
uted about 13 percent of the flow, are identified as the
middle confining unit of the Floridan aquifer system.
Zones 12 through 14, which contributed about 37 percent
of the total flow, are identified as the Lower Floridan
aquifer.

Pressure gradients for 11 water-level measurements
(table 3) were calculated from estimated densities and
depths. Measurements that have similar densities and
pressure gradients (for example, measurements 4, 6, §,
and 10, table 3) are generally representative of a common
pressure (flow) system, and measurements that have
dissimilar densities and pressure gradients (for example,
measurements 3 and 10) are generally from different
pressure (flow) systems. The fact that static conditions
were reached only for measurements 3, 10, and 11 raises
some doubt about the calculations of total static pressure
for the other measurements.
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TaBLE 2.— Estimated distribution of flow and fluid conductance for
the Floridan aquifer system at the Alligator Alley test well

[Conductance in pS/em (microsiemens per centimeter). Well located at
site 10, fig. 2]

Esti-
Cumu- mated
la- Esti-  conduc-
Per- tive mated tance
Zone Depth cent per- average load Remarks
(feet) of cent conduc- (percent
flow of tance of flow
flow! times
pS/cm)
Upper Floridan aquifer

1 770-840 [¢] 6,200 0 Zone cased off. Sampled
from perforated monitor
tube at 811 to 816 feet.

2 920-940 1 100 4,600 46 Miner inflow from numerous
cavities.

3 1,020-1,034 34 99 3,300 1,122 Major inflow from large
cavities at 1,025 and
1,032 feet.

4 1,110-1,154 6 65 3,300 198 Major inflow from large
cavities at 1,114, 1,120,
1,125, 1,127, and 1,132
feet.

5 1,180-1,192 1 59 2,500 25 Minor inflow from small
cavities.

6 1,248-1,256 2 58 2,500 50 Minor inflow from small
cavities at 1,248 and
1,256 feet.

7 1,280-1,310 1 56 3,300 33 Minor inflow from small
cavities at 1,284, 1,286,
1,288, 1,304, and 1,308
feet.

8 1,350-1,370 1 55 3,300 33 Minor inflow from small
cavities at 1,356, 1,360,
1,365, and 1,367 feet.

9 1,430-1,645 4 54 25,000 1,000 Major inflow from cavities
at 1,642 feet; minor in-
flow from small cavities
at 1,430, 1,468, 1,476,
1,506, 1,570, 1,578,
1,592, 1,600, 1,606,
1,610, and 1,625 feet.

Middle confining unit of the Floridan aquifer system

10 1,645-1,840 8 50 35,000 2,800 Major inflow from cavities
at 1,715 feet; minor
inflow from cavities at
1,678, 1,690, 1,739,
1,754, 1,764, 1,793,
and 1,809 feet.

11 1,840-2,200 5 42 36,900 1,845 Major inflow from cavities
at 1,896, 2,070, and
2,172 feet; minor inflow
from cavities at 1,856,
1,874, 1,960, 2,028, and
2,126 feet.

Lover Floridan aquifer

12 2,200-2,457 5 37 42,600 2,130 Major inflow from cavities
at 2,250 feet; minor
inflow from cavities at
2,228, 2,258, 2,308, and
2,340 feet.

13 2,457-2,580 32 32 50,000 16,000 Major inflow from cavities
at 2,490 to 2,491, 2,544
to 2,546, 2,550 to 2,552,
and 2,560 to 2,562 feet.

14 2,580-2,811 <1 50,000 Very minor inflow from
cavities at 2,616, 2,635,
2,653, 2,672, 2,703, and
2,715 feet.

Total 25,282

1In reverse order with depth.

For comparison, the pressure versus depth data for
each measurement is shown in figure 10, a pressure-
depth diagram. The plotted data suggest two distinct
relations, as indicated by lines of brackish water gradient
(Ggw), represented by water at the depth of measure-
ment 10, and saltwater-like gradient (Ggyw), represented
by water at the depth of measurement 3. The lines
through the points represent the respective pressure
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TABLE 3.— Measurements of head and pressure in the Floridan
aquifer system at the Alligator Alley test well

[Pressure gradient in pounds per square inch per foot; pressure at
depth in pounds per square inch. Well located at site 10, fig. 2]

Measured Estimated
Mea- head Estimated representative Estimated
sure- (feet Depth (feet)! pressure depth? pressure
ment above sea gradient? (feet below at depth
No. level) sea level)
1 >52.0 895-934 0.43284 879.6 403.23
2 >51.1 895-2,457 .43518 879.6 405.02
3 7.0 2,463-2,811 444626 2,447.6 1,090.48
4 >51.5 895-1,428 .43253 879.6 402.73
5 >50.5 1,433-1,618 .43323 1,417.6 636.02
6 >56.6 895-1,249 .43253 879.6 404.93
7 >52.4 1,254-2,811 43435 1,238.6 560.75
8 >57.7 895-1,124 43253 879.6 405.41
9 >54.1 1,129-2,811 .43388 1,113.6 506.64
10 58.8 1,030-1,154 .43253 1,014.6 464.28
11 55.7 811-816 .43314 795.6 368.73

1Datun 1s land surface, which i{s 15.4 feet above sea level.

3Estimated pressure gradient {s on the basis of estimated fluid density and
representative depth.

3Estimated representative depth is top of measured depth minus 15.4 feet.

gradients for each measurement. The points for meas-
urements 1, 2, 4 through 9, and 11 in the upper (brackish)
part of the Floridan aquifer system (water-bearing zones
1 through 9) generally fall near or on the line (Ggw)
represented by water at the depth of measurement 10,
thereby suggesting that they are part of the same flow
system (although minor variations in respective pres-
sures and pressure gradients suggest the presence of
local confining units). Pressures at selected depths
within the body of brackish ground water in the upper
part of the aquifer system may be approximated by the
following equation:

where
P = pressure, in pounds per square inch;

Ggw = pressure gradient of brackish water (0.43253
pound per square inch (Ib/in®) per foot of
depth), represented by the water at depth of
measurement 10 (1,030 to 1,154 ft at the
Alligator Alley test well site);

D = depth below land surface, in feet; and

43.4 = head above land surface of the water at depth of

measurement 10 (58.8 ft—15.4 ft=43.4 ft).
Measurement 3, which represents the deeper seawater-
like zones below a depth of 2,463 ft, plots slightly above
the downward extension of the line (Ggy) that repre-
sents the pressure-depth relation for the upper part of



HYDROGEOLOGY OF SOUTHERN FLORIDA

the system. Pressures in the deep, saltwater part of the
Floridan aquifer system may be approximated by the
following equation:
P=Ggw(D-8.4) ()
where
Ggw = pressure gradient of saltwater (0.44426 lb/in®
per foot of depth);
8.4 = head below land surface of the water at depth of
measurement 3 (15.4 ft—7 ft=8.4 ft); and
D = depth below land surface, in feet.

The upward extension of the line Ggyw, representing
the pressure-head relation for the saltwater part, inter-
sects that for the brackish water part at 1,918.5 ft, the
point of equal pressure. Two interpretations of the data
are possible: (1) the saltwater and brackish water sys-
tems are unrelated and function independently because
of intervening confining units; and (2) the two systems
are interconnected and related by buoyancy, and the
point of intersection (1,918.5 ft) is the approximate
brackish water-saltwater contact, or interface.

The conductance or resistance of water that entered
the borehole from all water-bearing zones (fig. 9, table 2)
while the well was flowing suggests that the base of the
brackish water part of the system is in zone 9, which
ranges in depth from 1,430 to 1,645 ft, and that the top of
the saltwater part is in zone 12, which ranges in depth
from 2,200 to 2,457 ft. Between the upper brackish water
zones and the lower saltwater zones are zones 10 and 11,
which contain mixtures of both—much the same as the
zone of diffusion in unconfined coastal aquifers such as
the Biscayne aquifer (Cooper and others, 1964, fig. 8).

According to the fluid resistance log of July 16, 1983,
while the well was flowing (fig. 9) there was no obvious
indication that the saltwater-brackish water contact
occurred at 1,918.5 ft, as projected by buoyancy relations
in figure 10. The fluid resistance logs of November 13,
1980, and April 13, 1981 (not shown), obtained while the
well was shut-in (not flowing), suggest that the pressure
in the upper brackish water part is sufficient to displace
the saltwater in the borehole to a depth of about 2,250 ft.
The maximum head for the upper zone was 43.4 ft above
land surface, or 58.8 ft above sea level, on April 21, 1981,
when the average density of the 2,250-ft fluid column was
estimated to be 1.002 grams per milliliter (g/mL) at
ambient temperature. Theoretically, given sufficient
time, brackish water from the high-pressure upper zone
would have completely displaced the saltwater to about
2,250 ft with a water column of density 0.998 g/mL. The
brackish water head required for the displacement
would, however, be about 9.2 ft higher than the maxi-
mum measured on April 21, 1981. Therefore, the static
head in the upper part of the Floridan aquifer system
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could be as high as 68 ft above sea level. The discrepancy
between the heads (measured and displacement) could be
caused by intraborehole flow (from high-pressure zones
to low-pressure zones) during shut-in.

The static head for zone 1 (table 3, measurement 11)
was 55.7 ft above sea level at the ambient density on
April 24, 1981. Comparisons show that the head in zone
1 (measurement 11) was about 3.1 ft lower than that in
zone 3 (measurement 10) at ambient density. At the same
density, the difference in head would only be 2.1 ft. The
slight differences in head and in density suggest that
confining beds separate these zones (at least locally) or
that the differences are due to significant permeability
contrasts, which suggests that ground water moves
faster and more freely through zone 3. The widespread
occurrence of fractures and sinkholes in the limestones
that make up the Floridan aquifer system rules out the
possibility that water-bearing zones within the aquifer
system are isolated from each other.

Comparison of the highest measured head (table 3,
58.8 ft above sea level) in the well with the 1974
potentiometric surface map by Healy (1975b) indicates
that the head extrapolated from the map was about 9 ft
lower than the measured head at the Alligator Alley test
well. Potentiometrie surface maps by Johnston and oth-
ers (1980, 1981) were recently modified on the basis of
the head measured at the Alligator Alley test well. As
more detailed information on the vertical distribution of
head in the Floridan aquifer system is obtained from
other test wells in southern Florida, the mapped config-
uration of the potentiometriec surface can be expected to
change, particularly in the area between the Alligator
Alley test well and the potentiometric surface high in
central Florida.

Flowmeter, fluid resistance, and fluid temperature
logs indicated that zone 13 contributed a significant
amount of saltwater to the well during natural flow.
Prior to the packer tests it was assumed that the static
head of saltwater in zone 13 was above land surface in
order to account for the saltwater flow. That assumption
proved to be incorrect. The pressure-depth diagram (fig.
10) suggests that at 1,030 ft the static pressure for the
saltwater column (extension of line Ggw) is lower than
the statie pressure in zone 3. The pressure at 1,030 ft in
terms of the saltwater gradient (Ggw) would be 453.86
Ib/in%, and that for the brackish water gradient (Ggyw)
would be 464.28 Ib/in®. The fluid pressure in zone 3,
therefore, would be 10.42 Ib/in® greater than the fluid
pressure at 1,030 ft in the static column of saltwater
above zone 13. The difference in static pressure is
equivalent to about 23.5 ft of saltwater head or about
24.1 ft of brackish water head. Because the borehole
provides physical connection between the upper and
lower zones, the fluid pressure in zone 3 is sufficiently
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greater to displace the saltwater column below the point | water column at the intersection (1,030 ft) is exceeded by
of interseetion (about 1,030 ft). that of the saltwater column, and saltwater will move up

If the brackish water head is reduced by 24.2 ft or | the borehole from zone 13 to displace and mix with
more (a reduction that would occur when the well is | brackish water from zone 3. The inflowing brackish
permitted to flow naturally), the pressure of the brackish | water from zone 3 effectively dilutes and entrains the
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saltwater in the upper part of the saltwater column and
transports the saltwater to the surface as a blend that is
equivalent to a 50-percent concentration of saltwater.
This phenomenon is, in some respects, comparable to the
operation of an airlift pump, and its effects have led to
misinterpretation of static head distribution in flowing
wells.

GROUND-WATER MOVEMENT IN THE
FLORIDAN AQUIFER SYSTEM IN
SOUTHERN FLORIDA

GROUND-WATER MOVEMENT BASED ON NATURAL
ISOTOPES AS TRACERS

Naturally occurring isotopes of carbon and uranium in
samples of ground water from the Floridan aquifer
system at nine sites in southeastern Florida were com-
pared with those in modern seawater (table 4) to assess
their potential as tracers of ground-water movement.
Carbon isotopes were determined in 20 samples and
uranium isotopes in 9 samples. Included are data on
chloride and dissolved solids concentrations, which also
were compared with concentrations in present-day sea-
water. Tritium was determined in selected samples to
evaluate possible contamination of the sample by modern
water. Oxygen isotopes were determined in 12 samples
to assess their usefulness as climate indicators.

CARBON ISOTOPES

The radiocarbon dating technique has been an impor-
tant and accepted research tool in archeology and geol-
ogy since its inception in 1946 by Libby (1955). However,
its use in hydrogeology has been dubious because of the
uncertainties in comparing the carbon-14 in dissolved
carbon species in ground water with respect to that in
the water when it was last in contact with the atmo-
spheric reservoir of carbon-14. An understanding of the
involved chemical processes and the reservoir through
which the ground water moves is essential to the inter-
pretations and corrections that would apply to the mea-
sured carbon-14 in the sample.

Carbon-14 measurements by the U.S. Geological Sur-
vey were by liquid scintillation counting of benzene
which was synthesized from the carbonate in a 30-gallon
(gal) sample of ground water (Pearson and Bodden, 1975;
Thatcher and others, 1977); however, measurements by
the Tritium Laboratory, Rosenstiel School of Marine and
Atmospheric Sciences, University of Miami, were by gas
proportional counting of carbon dioxide from a 55-gal
water sample (Stuiver and Ostlund, 1980). By conven-
tion, the measurements were compared with standard
National Bureau of Standards oxalic acid to determine
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TABLE 4.—Summary of isotope analyses of selected water samples
from the Floridan aquifer system, southeastern Florida, 1971-83

[Site locations shown in fig. 2. Dashes indicate no data)
County: B, Broward; D, Dade; M, Martin; PB, Palm Beach; STL, St.
Lucie.®H tritium: Values in picocuries per liter.

8'3C: 1*C/*#C stable isotope ratio of sample with respect to that of the
standard (Pee Dee Belemnita).

R: Relative activity of sample with respect to standard x 100.

d"C: Millesimal difference with respect to standard.

D™C: Millesimal difference normalized for isotopic fractionation.

PMC: Percent of modern carbon (normalized).

Apparent age: Years before present (1950), in Libby years.

AR: *U/U alpha-activity ratio.

8'%0: ®0/"%0 stable isotope ratio of sample with respect to that of
standard mean ocean water.

Laboratory: GS, U.S. Geological Survey; UM, University of Miami;
FS, Florida State University Geology Department.

in milligrams

Site Local Date per liter SH §13¢c R
No. County well Depth (feet) of Chlo- Dis- trit- (per (per-
No. sample ride solved ium mil) cent)
solids
3 PB PB-1141 2,914-3,163 6/29/76 19,000 36,100 -= -- .-
5 STL STL-255 898-1,268 2/4/83 1,700 3,240 -~ -3.3 <0.19
1,610-1,663 2/23/83 530 1,280 -~ +4.3 <.04
STL-254 2,715-3,418 11/2/82 20,000 35,300 -- =13 19.7
6 M M-1034 1,990-2,980 6/6/74 20,000 36,500 -~ -- -
7 PB PB-965 3,025-3,680 5/30/77 21,000 37,400 --
8 B G-2292 2,046-3,278 3/29/74 20,000 35,900 -~ - --
9 B G-2331 2,532-2,705 10/21/81 21,000 37,200 0 -4.2 1<.72
1,008-1,072 10/21/81 3,400 6,490 -~ =24 3.1
2,532-2,705 12/16/82 20,000 37,500 -- -1.7 1.17
G-2333  2,800-3,525 4/28/83 21,000 37,500 -- -2.4 65.9
10 B G-2296 895-934 10/18/80 1,200 2,670 -~ -~ 117.5
2,463-2,811 3/3/81 19,500 38,800 0 -3.8 130.3
1,433-1,618 3/7/81 1,800 3,640 0 -1.6 4.7
895-1,249 3/8/81 760 1,930 3 -2.6 5.8
895-1,124 3/9/81 850 2,000 O -2.4 4.7
2895-2,811 10/19/81 1,100 2,400 -- -1.2 11.9
811-816 10/19/81 1,600 3,500 -~ -1.8 7.3
2,500-2,811 10/19/81 22,700 36,700 0 3.7 17.6
2,520-2,811 7/7/83 19,000 37,800 -- =201 38.9
12 D 1-2 1,280-1,300 7/7/71 1,960 .- -~ -~ 5.6
1,902-1,922 7/9/71 4,740 - - 4.3
14 D  MDWSI-5 2,746-3,200 12/19/79 19,400 38,300 -~ -- --
MDWSBZ-1 1,005-1,037 10/22/81 1,400 2,890 -~ -3.9 6.8
2.689-2.960 10/22/81 19,000 37,900 0 -5.3 41.2
Gulfstream seawater? 19,300 35,800 12 +0.5e
U
(uranium)
Site Local dl4c Dl4cC PMC Apparent (micro- &§'%0 Labo-
No. well No. (per (per (per- age AR grams (per ratory
mil) mil) cent) per mil)
liter)
3 PB-1141 .- .- -- - 1.26 2.0 -~ Fs
5 STL-255 -998.1 -998.2 <0.18 >49,900 -- -- .- UM
-999.6 -999.6 <.04 >55,000 -~ .- .- mw
STL-254 -803 -812.3 18.8 13,400 1.26 7.97 .- UM, FS
[ M-1034 -- - -- -- 1.50 .45 == Fs
7 PB-965 b -- .- .- 1.21 1.42 -- FS
8 G~2292 -- -- -- -- 1.15 3.42 -- Fs
9 G-2331 -992.8 -993.1 <.69 40,000 -- -- +0.2 Gs
-969 -970.4 3.0 28,200 .- -- -1.7 GS
-998.3 -998.8 1.12 36,100 2.08 244 -- UM, FS
G-2333 -341 -370.8 62.9 3,700 1.14 3.04 -- UM, FS
10 G-2296 -825 -833e 116.7e 14,400 .- -- -2.2 GS
-697 -709.8 29 9,900 - -- .3 GS
-953 -955.2 4.5 24,900 -- 2.3 (&)
-942 -944.6 5.5 23,300 - .- 2.6 GS
-953 -955.1 4.5 24,900 - -- 2.6 GS
-881 -886.7 11.3 17,500 .- 2.2 GS
-927 -930.4 7.1 21,200 - -- 1.8 Gs
-924 -927.2 <7.3 >21,000 -~ -- .2 GS
-611 -628.8 37.1 8,000 1.20 2.44 -- UM, FS
12 I1-2 -944 -946.6e 5.4 23,400 -- -- -- GS
-957 -959% 4.1le 25,700 -- -- - GS
14 MDWSI-5 -- -- -- -- 1.22 2.50 - Fs
MDWSBZ-1 -932 -934.9 6.5 22,000 -- .- -2.3 GS
-588 -604.2 39.6 7,400 - -- +1.2 GS
Gulfstream seawater? -60e Y4e 500 1.14 3.30 +0.8e

!Probably contaminated.

2Probably represents zone 895 to 1,160 feet.
3Estimated from Stuiver and Ostlund, 1980.
e = estimated.
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the relative activity (R) for age-dating. The ecarbon-
13/carbon-12 stable isotope ratio (5'*C) was determined
by mass spectrometry. Also by convention, the meas-
ured relative carbon-14 activity (R) was normalized to a
3'2C value of —25 %o (per mil), the value for wood with
respect to the standard Pee Dee Belemnita (PDB), to
compensate for isotopic fractionation. The generally
accepted equation for isotopic fractionation normaliza-
tion is
d*C

DMC=d4"C-2 (33C+25) [1+——

1,000 C)

where the normalized activity, D'*C, equals the deter-
mined activity, d**C, corrected for isotopic fractionation,
assuming that a carbon-13/carbon-12 change from the
accepted value for wood (3'°C=25 %00 with respect to
PDB) induces a change in the carbon-14/carbon-12 ratio
of the sample. A 10 %00 change in 8'2C value, therefore,
results in a 20 %00 change in the carbon-14 millesimal
difference (d'*C).

The percent of modern carbon (PMC), corrected for
isotopic fractionation normalization or the percentile
difference, was calculated using the following equation:

14 14

PMC‘—‘IOO-F%O—C"_"S PTO_C_ 4)
where s D'C/10 is the standard error. The age of the
sample is expressed as apparent age owing to the uncer-
tainty about past production of carbon-14 and the origin
of the carbon in the water. The apparent age is based on
the Libby half-life of 5,568 yr and was calculated using
the following equation:

Apparent age (before 1950)=—-8033 In (PMCx107%) (5)

The measured relative carbon-14 activities, R (that is,
uncorrected for isotopic fractionation normalization),
ranged from about 0.04 to 65.9 percent, and the normal-
ized activities, PMC, ranged from about 0.04 to 62.9
percent. The experimental error for the analyses by the
U.8. Geological Survey ranged from 0.2 to 1.5 percent,
and that for the Tritium Laboratory, University of
Miami, ranged from 0.1 to 0.3 percent. The corrections
for isotopic fractionation normalization had relatively
insignificant effects on the activities of the samples. No
corrections for dilution or chemical reaction during tran-
sit were applied; therefore, the activities do not repre-
sent absolute age. Ages calculated according to equation
5 are maximum estimates. Corrections for reactions led
to younger age estimates. However, insufficient data are
available to correct PMC for reaction effects. Generally,
the samples of brackish ground water from the Upper
Floridan aquifer had lowest earbon-14 activities.

REGIONAL AQUIFER-SYSTEM ANALYSIS—FLORIDAN AQUIFER SYSTEM

UPPER FLORIDAN AQUIFER

The PMC (carbon-14 activity corrected for isotopic
fractionation normalization) of samples of brackish
ground water from the Upper Floridan aquifer at sites 5,
9, 10, 12, and 14 (table 4) ranged from about 0.04 (a value
that is near the limit of the dating technique) to 16.7
percent. The stable isotope ratios (8'°C) ranged from
+4.3 to —3.9 Yoo (table 4).

Variations in the PMC with depth are indicated. At
site 10, location of the Alligator Alley test well, the PMC
of samples between 895 and 1,618 ft ranged from 4.5 to
16.7 percent and the carbon-13 stable isotope ratios
(83C) ranged from —1.6 to —2.6 %o0. The well was cased
to a depth of 895 ft (225 ft below the estimated top of the
Floridan aquifer system), and the open borehole was
drilled to a depth of 2,811 ft into the limestone and
dolostone of the Lower Floridan aquifer. Samples from
various depths in the open hole were obtained chiefly
with packers. A monitor tube 2 inches in diameter with
perforations from 811 to 816 ft provided samples of
ground water from near the top of the Upper Floridan
aquifer. The chief water-bearing zone in the Upper
Floridan aquifer at the well site is at about 1,030 ft, at
the unconformable contact of the Ocala Limestone with
the overlying Suwannee Limestone. Samples of ground
water, presumably from the Suwannee-Ocala contact in
the Upper Floridan aquifer, generally had higher
carbon-14 activities (except the seawater-like samples
from the Lower Floridan aquifer), thereby suggesting
that they are relatively younger in age.

At site 5 (well STL-255), the PMC for samples of
brackish ground water from depths of about 898 to 1,663
ft in the Upper Floridan aquifer were virtually zero (0.18
and 0.04 percent), and the respective carbon-13 stable
isotope ratios were —3.3 and 4.3 % 0o. The deeper sample
(1,610 to 1,663 ft), which had a chloride concentration of
only 530 mg/L, contained an unusually high concentra-
tion of carbon-13. The high carbon-13 concentration in
the deeper sample may indicate dissolution of dolomite
(Hanshaw and Back, 1971, p. 147) and, therefore,
greater dilution of carbon-14. The carbon-14 activity of
the deeper sample would, therefore, be lower chiefly
because of the dilution. The presence of brackish ground
water at that depth is further evidence of the variability
of water chemistry in the aquifer system.

The distribution of carbon-14 and carbon-13 in the
brackish ground water of the Upper Floridan aquifer is
apparently very complex and probably is more affected
by dissolution-precipitation reactions than is the distri-
bution in the Lower Floridan aquifer (saltwater). The
distribution of carbon-14 activity (corrected for isotopic
fractionation) and carbon-13 stable isotope ratios (8'°C)
in the upper part (from about 900 to 1,200 ft deep) in
southern Florida is shown in figure 11; also shown is the
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TABLE 6. —Summary of selected wranium isotope data for the Upper
Floridan aquifer by location and hydrogeologic environment, cen-
tral and southern Florida

[AR, 234U/?8U alpha-activity ratio]

V]

Hydro- No. (uranium)
geologic of (micrograms
Location envi- sam- AR per liter)
ronment ples Aver- Aver-
Range age Range age
West-central Unconfined 11 0.72-1.47 0.98 0.10-1.91 0.75
East-central and Confined 24 0.94-3.9 1.83 0.004-0.41 0.080
south-central.
Southern Confined 7 0.66-1.94 1.24 0.003-0.072 0.048
Distal southeastern Confined 12 0.46-2.12 1.11 0.034-4.70  0.568
Total area 54 0.46-3.9 1.42 0.003-4.70 0.320

freshwater in the karst of west-central Florida and direct
infiltration of seawater in the Upper and Lower Floridan
aquifers along the southeastern coast of Florida). The
second relation suggests that the shared characteristics
of samples from central and southern Florida result from
transit of the water from the distant recharge areas (that
is, the uranium concentration decreases with increased
distance downgradient, but the AR increases because of
the alpha-recoil mechanism).

UprPER FLORIDAN AQUIFER

Uranium isotope analyses of 54 samples of ground
water from the Upper Floridan aquifer (table 5, fig. 14)
were used to deduce ground-water movement from the
recharge areas in central Florida and the discharge areas
in central and southern Florida. The salinities of the
samples ranged from that of freshwater to that of
seawater. Ten of the samples were from large freshwater
springs in central Florida, and 44 were from deep wells.
Of the 44 samples from deep wells, 4 were from the
outcrop area (oxidizing environment) for the Upper
Floridan aquifer in western and central Florida. Of the
10 springs sampled, 7 were from the outcrop area
(oxidizing environment) and 3 were from downgradient
areas where the aquifer is confined (reducing environ-
ment). Osmond and others (1974) used isotope dilution
techniques to estimate ground-water contributions to
Rainbow Springs (sample 91) and Silver Springs (sample
99) based on areal variations in uranium concentration
and AR values. The distribution of dissolved uranium
and AR values by region and hydrogeologic environment
is summarized in table 6.

In west-central Florida, the area where the aquifer is
unconfined, the uranium concentrations in 11 samples of
ground water ranged from 0.10 to 1.91 ng/L, averaging
0.75 png/L; the AR values ranged from 0.72 to 1.47,
averaging 0.98. In east-central and south-central Flor-
ida, generally the area south and east of the outcrop area
to the northern half of Lake Okeechobee, the uranium

REGIONAL AQUIFER-SYSTEM ANALYSIS—FLORIDAN AQUIFER SYSTEM

concentrations in 24 samples of ground water ranged
from 0.004 to 0.41 pg/L, averaging 0.080 wg/L; the AR
values ranged from 0.94 to 3.9, averaging 1.83. In
southern Florida, generally the area from the southern
half of Lake Okeechobee to distal southeastern Florida,
the uranium concentrations in seven samples ranged
from 0.003 to 0.072 ng/L, averaging 0.048 png/L; the AR
values ranged from 0.66 to 1.94, averaging 1.24. In distal
southeastern Florida (Dade and Monroe Counties), the
uranium concentrations in 12 samples ranged from 0.034
to 4.70 ng/L, averaging 0.568 pg/L; the AR values
ranged from 0.46 to 2.12, averaging 1.11 (table 6).

The general trend indicated by the average values of
dissolved uranium concentration is decreasing concentra-
tion from the outcrop area (unconfined aquifer, oxidizing
environment) southward to central and southern Florida
(confined aquifer, reducing environment), then increas-
ing concentration near the coastline in distal southeast-
ern Florida. The general trend in average AR values is
increasing AR values (***U increasing relative to ***U)
from the outcrop area southward into central Florida
(confined aquifer, reducing environment), then decreas-
ing values from central Florida into distal southeastern
Florida.

The areal distribution of uranium concentration in the
ground water of the Upper Floridan aquifer (fig. 15)
suggests that (1) concentrations in the outcrop area
(unconfined, oxidizing environment) range from 0.1 to
2.0 pg/L (zone 1, fig. 15), (2) concentrations through
most of south-central and southern Florida (confined,
reducing environment) range from a trace to about 0.1
pg/L (zone 2), and (3) concentrations chiefly in distal
southeastern Florida (confined, reducing environment)
range from about 0.1 to 0.5 ng/L (zone 3). Sample 3774,
from the middle confining unit of the Floridan aquifer
system, has an anomalously high concentration (4.70
pg/L) compared with the other samples in distal south-
eastern Florida. The indicated general trend in dissolved
uranium is decreasing concentration southward from the
area of recharge (outcrop area) in west-central Florida.
The concentration of uranium decreases as flow condi-
tions change from an unconfined (oxidizing) environment
(zone 1) to a confined (reducing) environment (zone 2),
except in east-central Florida, where concentrations in
downgradient freshwater springs (samples 1120, 1123,
and 1124) are comparable to those in the outcrop area
(sample 1118). In south-central and southern Florida, the
concentrations are mixed but generally less than 0.1
pg/L. The lowest concentrations are on coastlines in
southern Florida (samples 448 and 525), suggesting
(subtly at best) that concentrations generally decrease
southward. Scattered within the broad expanse of low
concentrations in central and southern Florida (zone 2)
are areas of anomalously higher concentrations (zone 3).
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FIGURE 18. —Estimated predevelopment and May 1980 hydraulic gradients along flow lines from Polk City to Key Largo and Fort Lauderdale,
Upper Floridan aquifer. (Location of segments shown in fig. 11.)

potentiometric surface of the Upper Floridan aquifer
(see map for 1980, fig. 4) are periodically prepared by the
U.S. Geological Survey and other government agencies
from measurements of water levels in many wells
throughout the State. The maps show the configuration
of the contours representing the prevailing isopotentials,
and ground-water movement is downgradient (that is,
from areas of high potential to areas of low potential) and
approximately normal to the contours if the aquifer
system is assumed to be isotropic. Movement of ground
water in the Upper Floridan aquifer is shown by flow
lines radiating generally from the area of highest head in
central Florida near Polk City (fig. 4). South of the Polk
City potentiometric surface high, the head in the aquifer
declines gradually along a flow line that divides flow to
the Atlantic Ocean on the east and the Gulf of Mexico on
the west.

To gain insight into the rate of ground-water move-
ment southward from the Polk City potentiometrie sur-
face high in central Florida, estimates of velocities and
transit times were calculated for estimated predevelop-
ment hydraulic gradients along selected segments of flow
lines from Polk City to Key Largo and to Fort Lauder-
dale (fig. 18).

The estimates are further based on the assumptions
that (1) predevelopment hydraulic gradients were unaf-
fected by changes in sea level and climate, (2) the
transmissivity (T) of the Upper Floridan aquifer is
distributed according to Bush (1982, fig. 6), (3) the
thickness of the aquifer (m) is 500 ft, and (4) the effective
porosity () is 0.30 (table 7) and vertical flow is negligi-
ble. Segment I represents the flow along 75 mi from Polk
City to about the southernmost point of recharge by
sinkhole lakes in central Florida. Segment II represents
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TABLE 7.— Estimated transit times along flow lines from the Polk City
potentiometric surface high to Key Largo and to Fort Lauderdale
under predevelopment gradients, Upper Floridan aquifer

[Based on aquifer thickness of 500 feet and porosity of 0.30. Location of

flow segments shown in fig. 11]

Head Transmissivity Velocity

dif- Dis- (feet squared (feet Transit time
Flow fer- tance er day) per_year) {years)
segment ence (miles) Mini- Maxi- Mini- Maxi- Minimum Maximum
(feet) mum mum fmum mum
1 60.5 75 100,000 250,000 37 93 4,300 11,000
11 8.2 72
a1 136 100,000 !250,000 !5.2 13 115,000 36,000
‘4.1 136 110,000 150,000 10.5 12.6 173,000 !380,000
88,000 416,000
111 21.8 80 10,000 50,000 1.2 6.3 67,000 352,000
1-111 90.5 227 159,000 779,000
v 14.3 47 10,000 50,000 1.4 7.0 35,000 177,000
I,11,1Vv 83.0 194 127,000 604,000

!Segment I1 divided into two subsegments.

the flow along 72 mi from the southernmost point of
recharge to the center of southern Florida. Segment 111
represents the flow along 80 mi from the center of
southern Florida to Key Largo. Segment IV represents
the flow along 47 mi from the center of southern Florida
to Fort Lauderdale.

For estimated predevelopment gradients and an
assumed average porosity of 0.30, a particle of water
traveling 227 mi from Polk City to Key Largo (segments
I through III) would be in transit for a time ranging from
159,000 to 779,000 yr, depending on the estimated trans-
missivity. A particle of water traveling 152 mi from the
southernmost point of recharge in central Florida to Key
Largo (segments II and III) would be in transit from
155,000 to 768,000 yr. A particle of water traveling 119
mi from the southernmost point of recharge to Fort
Lauderdale (segments II and IV) would be in transit
from 123,000 to 593,000 yr. Locally, a particle of water
traveling 47 mi (segment IV) from the center of southern
Florida (site 10) to Fort Lauderdale (site 9) would be in
transit from 35,000 to 177,000 yr. Only the transit time
between sites 10 and 9 (segment IV) is within the
40,000-yr useful range of carbon-14 dating. Therefore,
the occurrence of measurable carbon-14 activity in the
brackish ground water in southern Florida strongly
suggests that infiltrating freshwater in central Florida is
not the only source.

LOWER FLORIDAN AQUIFER

Estimates of movement of ground water in the Lower
Floridan aquifer have chiefly been based on indirect
evidence because measurements of representative head
are difficult to obtain. Attempts to calculate hydraulic
gradients between a few closely spaced wells for which
data are available have largely been unsuccessful owing

REGIONAL AQUIFER-SYSTEM ANALYSIS—FLORIDAN AQUIFER SYSTEM

TaBLE 8.— Comparison of pressure head and related data between
well G-2334 at site 9 and well G-2296 at site 10, Boulder Zone of
the Lower Floridan aquifer

[Site locations shown in fig. 2]

Dissolved
solids?

Average
temper-

Density?

Well Site Salinity (grams per Water Pressure

No. No. ature (milligrams (per cubic level? head*
(°F) per liter) mil) centimeter) (feet) (feet)

G-2334 9 ©2.2 37,500 36.62 1.02683 0.2 2,875.3

G-2296 10 78.8 37,500 36.62 1.02427 7.0 2,875.1

lassumed to be the same for both wells.
2At prevailing salinity and temperature.
3Referred to sea level.

4At 2,800 feet below sea level; density equals 1.00000 g/cm® (gram per
cubic centimeter).

to the extremely high transmissivity of the water-
bearing zones in the Lower Floridan aquifer, to the
effects of short-term tidal-caused fluctuations in water
levels, and to variations in water density (Meyer, 1974;
CH,M Hill, Inc., 1981; Singh and others, 1983).

In recognition that the hydraulic gradient for a trans-
missivity of about 2.5x107 ft%d (Singh and others, 1983)
would be very small, the head in well G-2296 at site 10
near the center of southern Florida was compared with
the head in well G-2334 at site 9 in Fort Lauderdale
about 44.5 mi east of well G-2296 at site 10 (table 8). The
water level in well G-2296 was measured at 7.0 ft above
sea level during a packer test on March 4, 1981. It was
assumed that fluctuations resulting from tides were
insignificant at well G-2296 because of its great distance
from the coast. The water level in well G-2334 was
continuously recorded during May 16-20, 1983, after a
performance test on May 10, 1983 (fig. 19). Semidiurnal
tides caused the water level to fluctuate about 0.5 ft, but
the daily mean water level rose about 0.6 ft during the
period as the density of the water column decreased
owing to heating. The water level was about 0.2 ft above
sea level on May 26, 1981, when a temperature survey
(log) of the water column was obtained (fig. 6).

The density of the borehole fluid in each well was
calculated from oceanographic tables (U.S. Navy, 1962)
based on measurements of salinity (dissolved solids) and
temperature, and the pressure heads were calculated for
each well at a common depth of 2,800 ft below sea level
for a common fluid density of 1.0000 gram per cubic
centimeter (g/cm?). Salinity was based on the dissolved
solids residue upon evaporation at 180 °C in a sample of
water from well G-2334 at site 9. The lack of precision in
the dissolved solids analyses required an assumption of
uniform salinity. The average temperature of the bore-
hole fluid (salinity comparable to seawater) in each well
was determined from temperature logs.

The pressure head at well G-2334, site 9, was about 0.2
ft higher than that at well G-2296, site 10. The apparent
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FIGURE 19.—Hydrograph of water level (saltwater) in well G-2334 at site 9 near Fort Lauderdale, Boulder Zone of the Lower Floridan aquifer.
(Location of site 9 shown in fig. 2.)

inland hydraulic gradient, I, was estimated by the
equation

= 0.2 foot 1 mile g
=245 miles 5,280 Teet ®)
=8.5%x1077

The average water velocity, ¥, was estimated by the
equation

__TxI
V—mX365 (9)
where
¥ = average water velocity, in feet per year;
T = 2.5x107 ft%d;
m = 650 ft;

I =85x1077 and
¢ = porosity, ranging from 0.2 to 0.4.

Based on the estimated hydraulic gradient (8.5x1077),
the average velocity of ground-water flow through the
Boulder Zone from site 9 to site 10 ranges between 59.7
and 29.8 ft/yr for porosities ranging from 0.2 to 0.4, and
the transit time ranges from 3,900 to 7,900 yr.

A comparison of the estimated hydraulic gradient,
velocity, and transit time from water-level measure-
ments at sites 9 and 10 with those estimated by radio-
carbon dating suggests that the calculated difference in
head may be too high (table 9, measurement 1). The
estimated gradients and velocities based on transit time
from radiocarbon dating suggest a gradual decrease in
gradient and velocity during the past 7,500 yr. The
present-day gradient and velocity would probably be
closer to 3.8x10™" and 17 ft/yr, respectively. The differ-
ence in head between the wells, located 44.5 mi apart,
would then be only 0.09 ft—a relatively small value
compared with the range of tidal fluctuations at the coast

and with the corrections in head for differences in fluid

density. Another possibility is that the ground-water
velocity calculated by equation 9 is on the basis of
porous-medium concept. However, ground-water flows
through the Boulder Zone may be best described by
conduit or fracture flow, which normally is faster than
flow in porous media. No acceptable fracture flow equa-
tions are available to calculate such velocity.

EFFECTS OF RISING SEA LEVEL ON
GROUND-WATER MOVEMENT

Sea level is generally accepted as the lower limit for
hydraulic gradients in natural surface-water and ground-
water flow systems. During periods of constant climate
(no changes in rainfall and temperature) and rising sea
level, freshwater in aquifer storage would gradually be
displaced by seawater. During periods of constant cli-
mate and falling sea level, seawater in aquifer storage
would gradually be displaced by freshwater.

TABLE 9.— Estimated hydraulic gradients and related hydraulic data
based on measured water levels and radiocarbon dating, Boulder
Zone of the Lower Floridan aquifer

[Based on transmissivity of 2.46x 107 feet squared per day, thickness of
650 feet, and porosity of 0.30. Site locations shown in fig. 2]

Head
differ-

Hydraulic
gradient

Average
velocity

Mea-

sure- Referenced Dis- Transit

ment segment tance ence (feet per (feet per time
No. (miles) (feet) foot) year) (years)
1 Site 9 to site 10% 44.5 0.2 8.5 x 1077 39.0 6,025
2 Site 9 to site 102 44.5 .28 1.2 x 107¢ 54.6 4,300
3 Subsea outcrop to 10.5 .02 3.8x 1077 17.3 3,200
site 92.
4 Subsea outcrop to 55.0 .24 8.4 x 1077 38.7 7,500

site 102,

1 : ;
Calculation based on fluid density, water-level measurements, and assumed
aquifer characteristics.

2Calculation based on radiocarbon age and assumed aquifer characteristics.
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FIGURE 20.—Sea-level fluctuations during the late Pleistocene and
Holocene Epochs.

Sea-level fluctuations during the past 150,000 yr (Cro-
nin, 1983) range from about 23 ft above present sea level
at about 140,000 yr B.P. (before present) to about 330 ft
below present sea level at about 18,000 yr B.P. (fig. 20).
High stands of sea level represent interglacial stages,
and low stands represent glacial stages. The last rise in
sea level, called the Holocene transgression, began about
18,000 yr ago and is continuing, although at a much
slower rate. Predevelopment hydraulic gradients of the
Floridan aquifer system in the late 1800’s were, there-
fore, temporary and do not relate directly to antecedent
flow conditions. However, flow rates based on radiocar-
bon dating (or the relative carbon-14 ages of water)
reflect average antecedent hydraulic gradients. There-
fore, estimates of hydraulic gradients, velocities, and
transit times based on carbon-14 dating should consider
the effects of changes in sea level, climate, topography,
and perhaps permeability.

Data on paleoclimates, paleohydraulic gradients, pale-
otopography, and paleopermeability are generally lack-
ing; however, data on changes in vegetative types during
the past 8,500 yr in central Florida and southern Georgia
(Watts, 1971) suggest that changes in forest types prob-
ably relate to rising sea level. Watts (1971, p. 676)
reported that pollen studies of bottom sediments in
upland lakes in central Florida and southern Georgia
showed that from about 8,500 to 5,000 yr B.P. (based on
radiocarbon age) the vegetation was chiefly oak (Quer-
cus) and that for the past 5,000 yr, the vegetation has
chiefly been pine (Pinus). Prior to 8,500 yr B.P., a long
hiatus occurred in sedimentation (about 27,000 yr) which
probably resulted from greatly lowered water levels
during the Wisconsin glaciation. Watts (1971, p. 686)

!
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FI1GURE 21.—Comparisons of water level in central Florida, vege-
tation, and transit distance from subsea outcrop with sea level
during the Holocene transgression. (Location of sites shown in
fig. 2.)

estimated that during the hiatus, the water table was
probably at least 40 ft below that of today, and he
concluded that the changes in vegetation were chiefly
caused by rising water tables and sea level rather than
by increased rainfall.

The estimated rise in sea level during the Holocene
transgression is shown in the conceptual cross section
(fig. 21), along with the hypothetical rise of the water
level in the Upper Floridan aquifer at the center of the
Polk City high and the changes in forest vegetation
according to Watts (1971). The hypothetical relationships
suggest that at the beginning of the Holocene transgres-
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FIGURE 26. —Temperature of ground water in the Upper and Lower Floridan aquifers, Martin County-St. Lucie County area.

aquifer system in southern Florida is connate or residual
seawater from high stands of sea level.

SUBSURFACE STORAGE IN THE FLORIDAN
AQUIFER SYSTEM IN SOUTHERN FLORIDA

Subsurface storage is the practice of emplacing fluids
in permeable underground rocks (aquifers) by gravity
flow or pressure-induced injection through wells. The
receiving rocks must have sufficient confinement, poros-
ity, and permeability to accept the fluids without endan-
gering underground sources of drinking water. In most
cases, the fluids are nontoxic liquid wastes that cannot

easily be disposed of at the surface. In some cases,
however, the fluids are valuable and are temporarily
emplaced underground for later recovery. The subsur-
face storage practice is commonly referred to as “under-
ground injection,” “deep disposal,” and “deep-well injec-
tion.”

The practice of injecting nontoxic liquid wastes into
saline parts of the Floridan aquifer system began in 1943
at an oil field in Collier County (fig. 28, site 1); oil field
brine was injected into the cavernous, saltwater-filled
Boulder Zone of the Lower Floridan aquifer (Vernon,
1970). The injection of treated municipal wastewater into
brackish zones of the Upper Floridan aquifer began in
1959 at a wastewater-treatment plant (fig. 28, site 14) in
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